It is well established that syncytium formation involves the fusion of mononucleated trophoblasts into a multinucleated structure and the secretion of hormonal factors, such as human chorionic gonadotropin (hCG). These morphological and biochemical changes are regulated by a plethora of ligands, which upon binding to specific receptors trigger the activation of many signaling pathways, such as janus kinase/signal transducer and activator of transcription (JAK/STAT) and the mitogen-activated protein (MAP) kinase extracellular signal-regulated kinases 1 and 2 (MAPK3/1). We used the forskolin-induced syncytialization of trophoblastlike BeWo cells to characterize at the cellular level the effect mediated by leukemia inhibitory factor (LIF) on trophoblast differentiation and to describe its action at the molecular level. Forskolin induces both hCG secretion and BeWo cell syncytial fusion. Although LIF had no effect on the undifferentiated state of the cells, the cytokine generated a strong reduction in forskolin-induced hCG release. In contrast to its effect on hCG secretion, LIF exerts a synergistic effect toward forskolin-induced fusion. LIF reduced hormonal production through a STAT1-and STAT3-dependent mechanism, whereas MAPK3/1 was not involved in this process. However, both types of signaling molecules were required to mediate the action of LIF in forskolin-induced cell fusion. These data provide novel insights into the regulation of trophoblast cell differentiation by LIF and describe for the first time the molecular mechanism underlying the effect of the cytokine.
INTRODUCTION
Successful embryo implantation is dependent upon a tightly regulated molecular cross-talk between the embryonic trophoblast cells and the maternal decidua in order to attach the placenta to the uterine wall, to generate fetoplacental vasculature, and to allow maternal immune tolerance of the fetal semiallograft [1, 2] . One of the key cytokines essential for successful implantation is leukemia inhibitory factor (LIF) [3] [4] [5] , a member of the interleukin 6 (IL6) cytokine family [6] that displays multiple functions in various tissues and organs [5, 7] . Strong evidence for the important role of LIF in implantation comes from the fact that the blastocyst fails to attach to the uterus in LIF knockout mice [8] . In fertile women, high uterine LIF expression is a positive indicator of uterine receptivity to the implanting blastocysts, whereas low levels or the absence of functional LIF leads to reduced fertility [4, 9, 10] . Involvement of LIF in the invasive capacities of extravillous trophoblasts has been described previously [11] [12] [13] , although its importance might not be exclusive to implantation because it might also be involved in further stages of pregnancy, such as the placentation process. This latter effect possibly occurs through a paracrine interaction between uterine LIF and its receptor in extraembryonic trophoblast cell lineages. In one hand, it was established that LIF is highly expressed in decidual natural killer cells and macrophages during pregnancy [14] , but low levels were observed in first-trimester decidua and in the chorionic villous [15, 16] . On the other hand, the expression levels of LIF receptor subunit b (LIF-Rb) are significantly higher in both villous and extravillous trophoblasts than in the decidua [14] [15] [16] . These studies indicate that LIF is produced from both the decidua and the chorionic villi, and the studies identify all cells of the trophoblast lineage as the main targets of the action of LIF in human placenta. However, the role of LIF in the priming of trophoblast cells to undergo differentiation toward multinucleate hormone-producing cells of the syncytiotrophoblast remains unclear.
At the molecular level, LIF acts on cells by inducing the heterodimerization of LIF receptor subunits LIF-Rb and glycoprotein 130 (gp130), which upon binding leads to the phosphorylation and thereby activation of janus kinases 1 and 2 (JAK1 and JAK2) and signal transducer and activator of transcription 1 and 3 (STAT1 and STAT3) [6, 7] . The cytokine also activates other signaling pathways, such as those involving the mitogen-activated protein (MAP) kinases and phosphatidylinositol-3-kinase (PIK3)/AKT [6, 7] , the degree to which these signaling pathways are activated being cell type dependent. Because of their roles in trophoblast differentiation, STAT3 and extracellular signal-regulated kinase 1/2 (MAPK3/ 1) MAP kinase are particularly interesting factors. STAT3 is involved in the acquisition of invasive capacities of primary trophoblasts or trophoblastlike cell lines [3, [11] [12] [13] , and MAPK3/1 modulates both fusion and human chorionic gonadotropin (hCG) secretion in primary syncytiotrophoblasts and trophoblastlike BeWo cells [17, 18] . As a pregnancyassociated cytokine, LIF is known to activate the JAK/STAT signaling pathway, mainly via the phosphorylation of STAT3 [3, [11] [12] [13] , but little is known about STAT1 or MAPK3/1 MAP kinase activation during this process. In fact, no data are yet available about the interplay between LIF, STAT1, and MAPK3/1 activation, and trophoblast differentiation, which prompted us to investigate the role of these signaling molecules in a model of trophoblast cells.
The human choriocarcinoma BeWo cell is the most extensively used cellular in vitro model to study villous trophoblast fusion [19] . This cell line was established from cells derived from first-trimester trophoblasts. Undifferentiated BeWo cells are morphologically similar to primary cultures of cytotrophoblasts, exhibiting close cell apposition and microvillar projections on the apical side of the monolayer [20] . In contrast with primary cultures of cytotrophoblasts, which lack their proliferative capacity but preserve their spontaneous fusogenic activity [21, 22] , BeWo cells show a low spontaneous fusion rate, which can be boosted upon treatment with cAMP or forskolin [21] . Forskolin-stimulated BeWo cells also demonstrate hormonal secretion properties common to typical trophoblasts and express markers of syncytiotrophoblasts, such as bhCG and syncytin, and markedly decreased Ecadherin expression [22] [23] [24] [25] . The similarities between BeWo cells and trophoblasts support the use of these cells as a valid and suitable model to study different aspects of trophoblast differentiation. Thus, using BeWo cell as a trophoblast model, the aim of this work was to investigate the effect of LIF in cytotrophoblast differentiation to syncytiotrophoblasts and to describe its mechanism of action at the molecular level. The activation of JAK/STAT and MAPK3/1 signaling pathways was evaluated in response to LIF during the course of forskolin-induced BeWo cell differentiation. Using pharmacological inhibitors, we pointed out how LIF could molecularly regulate this process by determining the inhibitory action of STAT1 and STAT3 in bhCG secretion and its stimulatory role in cell fusion; MAPK3/1, however, was found to be implicated only in enhancing syncytial fusion. Moreover, our data suggest that biochemical and morphological differentiation might evolve in distinct manners and expose for the first time the regulatory molecular mechanism of LIF in BeWo cell differentiation.
MATERIALS AND METHODS

Materials
All cell culture media, serum, and cell culture reagents were purchased from Wisent (St-Bruno, QC). Cell culture plates and flasks were from Corning (Corning, NY). The cytokine LIF was from Millipore (Toronto, ON). The chemicals dimethyl sulfoxide (DMSO), forskolin, methylthiazolyldiphenyltetrazolium bromide (MTT), and Hoechst 33258 dye, as well as all electrophoresis-grade chemicals were from Sigma Chemical Company (Oakville, ON). Cocktails of protease and phosphatase inhibitors were from Roche Applied Science (Quebec, QC). The specific inhibitor of janus kinases (JAK1, JAK2, JAK3, and TYK2), JAK inhibitor I, was from Calbiochem (San Diego, CA), and the MAP kinase MAPK3/1 signaling pathway inhibitor PD98059 was from Cell Signaling Technologies (Pickering, ON). The rabbit polyclonal antibodies against phospho-STAT1 (pY701), STAT1, phospho-STAT3 (pY705), STAT3, phospho-MAPK3/1 (pT180/pY182), and MAPK3/1 were purchased from Cell Signaling Technologies, whereas monoclonal peroxidaseconjugated mouse anti-b-actin antibody was purchased from Sigma Chemical Company and the horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) came from Bio-Rad Laboratories (Mississauga, ON). For the studies of E-cadherin expression, mouse anti-E-cadherin antibody, a kind gift from Dr. Monique Cadrin (Université du Québec à Trois-Rivières), came from BD Biosciences (Mississauga, ON), and fluorescein isothiocyanateconjugated goat anti-mouse IgG was purchased from Jackson ImmunoResearch (West Grove, PA). The beta form of human chorionic gonadotropin (bhCG) ELISA kit was purchased from DRG International Inc. (Mountainside, NJ).
Cell Culture
Human placental choriocarcinoma BeWo cell line was obtained from the American Type Culture Collection (Rockville, MD). Cells were maintained as monolayers in a humidified atmosphere with 5% CO 2 at 378C and were grown in RPMI-1640 cell culture media supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES, and 50 lg/ml gentamicin. Cell culture was split every 2-3 days and culture medium was changed every 2 days. For subculturing, cells were removed by an enzymatic treatment (0.25% trypsin-ethylene diamine tetraacetic acid, 378C, 5 min), harvested, and subcultured in 175-cm 2 culture flasks or plated for further experimental needs. To avoid any changes in cell behavior during the course of the study, the experiments using BeWo cells were restricted at relative early passage only (i.e., from passages 8 to 15).
Cell Viability and Proliferation Assay
Cell viability was assessed by the MTT cell proliferation assay as previously described [26] . Briefly, cells were plated at a cell density of 7.5 3 10 3 cells per 100 ll per well in RPMI-1640 supplemented with 10% FBS in a 96-well plate and incubated overnight. LIF (50 ng/ml), forskolin (10 lM), and a combination of LIF and forskolin were added for 48 h in RPMI-1640 containing 5% FBS. Stock solutions of LIF and forskolin were prepared in fresh serum-free culture media and DMSO, respectively. Control and LIF experiments were performed in parallel by treating the cells with an equal volume of DMSO. At the end of the culture period, 10 ll of 5 mg/ml MTT solution was added to each well. After a 3-h incubation period with MTT reagent, 100 ll of MTT solubilization buffer was added (10% SDS in 10 mM HCl), and plates were placed overnight in the cell incubator before absorbance measure. The optical density was read at 580 nm using the Microplate Reader Manager (Bio-Rad Laboratories). Assay was performed in quadruplicates and represents three independent experiments.
Quantification of Secreted bhCG
To evaluate the effect of LIF on forskolin-induced biochemical differentiation of BeWo cells, bhCG quantifications were assessed using bhCG ELISA kits as indicated by the manufacturer's instructions (DRG International Inc.). Briefly, cells were plated in 24-well plates at a cell density of 4.5 3 10 4 cells per 500 ll per well and incubated overnight in RPMI-1640 supplemented with 10% FBS. DMSO as vehicle, 50 ng/ml LIF, 10 lM forskolin, and a combination of LIF and forskolin were added for 48 h in RPMI-1640 containing 5% FBS. At the end of the treatment period, the media were collected, clarified by lowspeed centrifugation (500 3 g), and kept at À208C until bhCG quantification, and fresh media were added to each well to evaluate cell viability/proliferation via MTT assays as described above. Assay was performed in triplicates and repeated three times.
Evaluation of E-cadherin Expression by Immunofluorescence and Immunoblotting
Syncytial fusion depends on the expression of many surface glycoproteins, like E-cadherin, which is down-regulated during syncytialization [22] . Ecadherin is a cell adhesion molecule expressed only at the membrane of the isolated cytotrophoblasts. During the process of differentiation of isolated trophoblast cells (as well as BeWo cells treated with forskolin), E-cadherin mRNA and protein are down-regulated in association with the loss of Ecadherin staining at cell boundaries of fusing cells [22] . Thus, we assessed Ecadherin expression by immunofluorescence as an indirect and qualitative marker of trophoblast syncytialization, as described elsewhere [27] . Briefly, cells were plated at a cell density of 2.0 3 10 5 cells per 2 ml per well on coverslips in six-well dishes and incubated at 378C in RPMI-1640 supplemented with 10% FBS. The treatments with DMSO, LIF, forskolin, and a combination of LIF and forskolin were started the day after for 48 h in LEDUC ET AL.
RPMI-1640 supplemented with 5% FBS. The cells were then washed twice with PBS, fixed with a mixture of ethanol and methanol (1:1) for 15 min at À208C, washed twice with PBS, and incubated for 60 min with PBS containing 2% FBS at room temperature to eliminate nonspecific binding. Thereafter, cells were incubated with primary mouse anti-E-cadherin antibody (1:50 dilution in PBS þ 2% FBS) overnight at 48C, rinsed twice in PBS, and incubated for 60 min with secondary fluorescein isothiocyanate-coupled anti-mouse IgG (1:50 dilution in PBS þ 2% FBS) at 48C in the dark. For nuclear staining, cells were washed twice with PBS, incubated 5 min with Hoechst 33258 dye (1:1000 dilution in PBS þ 2% FBS), and rinsed twice with PBS and once with distilled water. Cells were then wet-mounted with Vectashield (Vector Laboratories, Burlington, ON) and viewed using an Axio Observer inverted microscope (Carl Zeiss MicroImaging, Göttingen, Germany). All observations were performed at 203 magnification on cell monolayers. Five fields were taken randomly for each different treatment. Representative (n ¼ 5) fields are shown. To quantify the effects of different treatments on syncytialization, the relative E-cadherin expression levels in BeWo cells were assessed by immunoblotting as previously described [28] . Briefly, protein samples of 50 lg were resolved by SDS-PAGE under reducing conditions and transferred onto a polyvinylidene fluoride membrane (Millipore). Blotted membranes were probed with a mouse anti-E-cadherin antibody diluted 1:500 in PBS containing 0.1% Tween-20 (referred to as PBST) and 5% bovine serum albumin (Sigma Chemical Company). As previously described [28] , human b-actin expression was used as an internal control for semiquantitative analysis of E-cadherin protein expression.
Immunodetection of LIF-Induced Signaling Molecules
To evaluate the effect of LIF on intracellular pathway activation, cells were seeded in a 24-well plate at a cell density of 1.0 3 10 5 cells per 500 ll per well in serum-free culture media and incubated overnight. Cells were then treated with 50 ng/ml LIF alone or in combination with 10 lM forskolin. Cell treatments were stopped after 5, 15, and 30 min of stimulation by adding preboiled (958C) 23 SDS solubilization buffer containing 1.25 mM Tris-Base pH 6.8, 4% SDS, 10% b-mercaptoethanol, 18% glycerol, 0.03% bromophenol blue, and 2% protease and phosphatase inhibitors, as described [26, 29, 30] . Cell lysates were boiled for 10 min. Protein samples were resolved by SDS-PAGE under reducing conditions and transferred onto a polyvinylidene fluoride membrane. Blotted membranes were blocked for 60 min at room temperature in PBST containing 5% skim milk and were incubated overnight at 48C with the primary antibodies against the total or the phosphorylated forms of STAT1, STAT3, and MAPK3/1 proteins (1:1000 dilution) as well as human b-actin (1:40 000 dilution) as a loading control. All antibodies were diluted in PBST containing 5% bovine serum albumin. Membranes were incubated with horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit-IgG; 1:3000 dilution in PBST-5% skim milk) for 60 min at room temperature and were revealed by chemiluminescence detection using the Thermo SuperSignal system (Bio-Rad Laboratories). The blots were then treated with stripping solution (25 mM glycine, pH 2; 1% w/v SDS) for 60 min, blocked as described above, washed three times with PBST, and then probed with another primary antibody. The most representative result from three independent experiments is shown.
Inhibition of LIF-Induced Signaling Pathway Activation During Forskolin-Induced BeWo Cell Differentiation
Cells were plated as described above and preincubated for 60 min with either vehicle alone (DMSO), the JAKs inhibitor JAK inhibitor I (5 lM; optimal dose), or the MAPK3/1 inhibitor PD98059 (50 lM; optimal dose). Cells were washed twice, cultured in serum-free culture media, and stimulated with DMSO or LIF alone or in combination with 10 lM forskolin. To observe the effect of JAKs and MAPK3/1 inhibitors on LIF-induced signaling pathway activation, pretreated cells were stimulated for 15 min, and cell lysates were prepared and analyzed by immunoblotting as described previously [26, 29, 30] . To evaluate the effect of LIF-induced signaling pathway inhibition on forskolin-induced biochemical and morphological differentiation of BeWo cells, pretreated cells were stimulated for 48 h and prepared for bhCG quantifications and E-cadherin expression analysis by immunofluorescence and immunoblotting as described above. All treatments of cultured cells with chemical inhibitors, forskolin, and LIF were performed in RPMI-1640 containing 5% FBS.
Statistical Analyses
Values were presented as mean 6 SD from at least three independent experiments. Data were analyzed by one-way ANOVA followed by Bonferroni posttest using Prism software, version 3.03 (GraphPad, San Diego, CA). P values of 0.05 were considered as indicating statistical significance.
RESULTS
Effect of LIF on Forskolin-Induced BeWo Cell Differentiation
Cytotrophoblast differentiation to syncytiotrophoblast is associated with specific and measurable features, such as enhanced bhCG secretion, defined as biochemical differentiation, and cell fusion, defined as morphological differentiation [31] . In BeWo cells, these processes can be mimicked by forskolin, known to enhance intracellular cAMP concentration through the activation of adenylyl cyclase [18, 32] , thus activating downstream effectors like protein kinase A (PRKA). Because PRKA activation has been linked to the induction of bhCG secretion [18, 33] as well as fusogenic activity [34] , forskolin would promote trophoblast differentiation into syncytiotrophoblastlike cells through the cAMP-dependent pathway. We sought to investigate how LIF could influence the progression of forskolin-induced BeWo cell differentiation by evaluating its effect on both axes of the process. We have established that forskolin does not change the proliferation rate of BeWo cells at the concentration of either 1 lM (relative cell number, 105% 6 6% of control), 10 lM (relative cell number, 99% 6 12% of control), or 50 lM (relative cell number, 106% 6 6% of control). In contrast to cell proliferation, BeWo cell bhCG secretion was proportionally enhanced in the presence of increasing doses of forskolin, the basal level of 85 6 15 ng/ml reaching a level of 124 6 34 ng/ml at 1 lM, 369 6 106 ng/ml at 10 lM, and 552 6 36 ng/ml at 50 lM.
We next examined using MTT assays the changes in the relative number of viable cells in BeWo cell cultures treated for 48 h with LIF alone or in combination with forskolin. We found no significant effect on BeWo cell proliferation due to LIF at 50 ng/ml, either alone or in combination with 10 lM forskolin. The relative number of viable cells, expressed as percent of control, was determined at 97% 6 6% with LIF at 50 ng/ml, at 100% 6 10% with forskolin at 10 lM, and at 99% 6 10% in a combination of LIF and forskolin. Trypan blue counts have confirmed that cell viability is not affected for all treatments compared with untreated BeWo cells (data not shown).
Next, bhCG expression was quantified to investigate whether LIF is operative in regulating forskolin-induced biochemical differentiation of BeWo cells. Given that bhCG dosage could be dependent on the number of viable cells in each independent measure, hormone concentration was expressed as bhCG secretion normalized with relative cell number, as determined by the absorbance measures from MTT viability/proliferation assays. As shown in Figure 1A , the cytokine when used alone had no effect on bhCG secretion by BeWo cells. In contrast to LIF, however, forskolin alone significantly enhanced bhCG secretion compared with untreated cells (from 80 6 44 ng/ml to 455 6 57 ng/ml). Unexpectedly, LIF (at 50 ng/ml) exerted a strong inhibitory effect on forskolin-induced bhCG secretion, reducing hormonal production by 65% 6 10% (from 455 6 57 ng/ml to 161 6 44 ng/ml).
We have determined that syncytialization of BeWo cells is efficiently induced by forskolin, because the expression of Ecadherin was substantially decreased in the presence of forskolin at 10 lM (Fig. 1, B and C) . A second major change induced by forskolin treatment is the dispersion of BeWo cells, which in fact were growing in tight clusters of cells in the absence of forskolin (Fig. 1B) . To examine whether LIF is LIF REGULATION OF TROPHOBLAST CELL DIFFERENTIATION effective in regulating forskolin-induced morphological differentiation of BeWo cells, cell fusion was then evaluated through reduction or augmentation of E-cadherin expression. The most important effects were observed after 48 h of exposure to LIF at 50 ng/ml and are presented in Figure 1 . As can be seen in Figure 1B , control (DMSO-treated) BeWo cells showed strong E-cadherin staining at cell surface membrane boundaries, whereas a treatment with 10 lM forskolin resulted in reduced expression of the protein at cell-cell contact areas. When challenged with 50 ng/ml LIF alone for 48 h, BeWo cells exhibited a level of E-cadherin expression similar to that of control cells. Surprisingly, cells treated with forskolin and LIF expressed less E-cadherin than when treated with forskolin alone (Fig. 1B) . Western blot analysis (Fig. 1C) with anti-Ecadherin antibody confirmed that LIF exerts a synergistic effect on forskolin-induced cell fusion, because BeWo cell Ecadherin expression (expressed as E-cadherin:b-actin ratio) was reduced by 40% 6 5% in the presence of forskolin (from 1.4 6 0.2 to 0.9 6 0.1) and by 70% 6 7% in the presence of forskolin and LIF (from 1.4 6 0.2 to 0.5 6 0.1). Figure 2A shows representative activation status of STAT1, STAT3, and MAPK3/1 following treatments with DMSO (control), 10 lM forskolin, and 50 ng/ml LIF alone or in combination with 10 lM forskolin. Very little or no variation in b-actin expression was observed, regardless of the treatment of forskolin and LIF used alone or in combination with forskolin. Results were expressed as fold induction of control relative to the ratio of phosphorylation-activated protein:bactin protein (as internal control), and are presented as mean 6 SD from three independent experiments in Figure 2B .
Activation of JAK/STAT and MAPK3/1 Signaling Pathways by LIF Alone or in Combination with Forskolin
Forskolin did not induce the phosphorylation of STAT1 or STAT3 at the concentrations used in these experiments (10 lM), but it transiently stimulated MAPK3/1 phosphorylation ( Fig. 2A) . As shown in Figure 2B , this effect was observed at 15 min after stimulation (1.7 6 0.2-fold induction) and disappeared after a 30-min stimulation period (1.2 6 0.1-fold induction).
FIG. 1. Effect of LIF on forskolin (FK)-induced
BeWo cell differentiation. Cells were treated for 48 h with DMSO as vehicle (control), 50 ng/ml LIF, or 10 lM FK alone or in combination with LIF. A) Biochemical differentiation. bhCG production was determined by ELISA. Data were expressed as hCG secretion normalized with relative cell number, as determined by the absorbance measures from MTT viability/proliferation assays. Each bar represents the mean 6 SD of three independent experiments performed in triplicates. Different superscripts denote significant differences between treatments. *P , 0.001 compared with control; **P , 0.001 compared with 10 lM FK alone. B) Morphological differentiation analysis by immunofluorescence. Cell fusion was evaluated by the reduction of the expression of E-cadherin (green), and cell nuclei (blue) were stained with Hoechst 33258. C) Morphological differentiation analysis by immunoblotting. E-cadherin detection was assessed using a monoclonal anti-E-cadherin antibody. Human b-actin expression was used as an internal control for semiquantitative analysis of E-cadherin protein expression. A representative result from three independent experiments is shown. Results were expressed as the ratio of E-cadherin:b-actin protein. Each bar represents the mean 6 SD of three independent experiments. Different superscripts denote significant differences between treatments. *P , 0.001 compared with control; **P , 0.001 compared with 10 lM FK alone.
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BeWo cell stimulation with LIF alone or combined with forskolin evoked a time-dependent tyrosine phosphorylation of STAT1 and STAT3, and dual phosphorylation (threonine and tyrosine) of MAPK3/1 ( Fig. 2A) . For STAT1, the values of fold induction were 3.4 6 0.3 and 3.2 6 0.2 at 15 min after stimulation with LIF and LIF plus forskolin, respectively; this effect was transient and declined after a 30-min stimulation period (Fig. 2B) . For STAT3, the maximal effect was observed with LIF at 5 min and 15 min after stimulation, the values of fold induction being 5.0 6 0.4 and 4.9 6 0.5, respectively; similar STAT3 activation levels were detected at 5 min and 15 min after stimulation with LIF plus forskolin, the values of fold induction being 4.7 6 0.5 and 4.3 6 0.4, respectively. STAT3 activation was lower but sustained after 30 min after stimulation, and the effect was missing after a 60-min poststimulation period (Fig. 2B) . For MAPK3/1, in the presence of LIF and LIF plus forskolin the values of fold induction were 4.0 6 0.4 and 4.3 6 0.5 at 5 min after stimulation, respectively, and 2.7 6 0.2 and 2.4 6 0.3 at 15 min after stimulation, respectively; these effects were sustained even after a 60-min poststimulation period (Fig. 2A) . Of note, at the dose used in these studies, forskolin shows slight or no effect on LIF-induced activation of STAT1, STAT3, and MAPK3/1 (Fig. 2) .
Divergent Effects of LIF on bhCG Secretion and Cell Fusion Are Mediated by JAK/STAT but Not by MAPK3/1 Signaling Pathway
Once we had established that both JAK/STAT and MAPK3/ 1 pathways are activated in response to LIF, we next sought to determine how these pathways could modulate trophoblast differentiation, and then hCG secretion and cell fusion. Specific cell signaling inhibitors were used to verify whether LIF-induced activation of one or both pathways could account for the divergent effect of this cytokine on bhCG secretion and cell fusion. BeWo cells were pretreated for 60 min with either DMSO (vehicle), JAK inhibitor I, or PD98059. At the end of the preincubation period with vehicle and chemical inhibitors, cells were stimulated for 15 min with forskolin alone at 10 lM and LIF at 50 ng/ml in the absence or the presence of forskolin. We have established that the inhibition of STAT phosphorylation is achieved efficiently when cells are treated with 5 lM JAK inhibitor I prior to stimulation with LIF or LIF combined , and 50 ng/ml LIF alone or in combination with 10 lM FK. To control and correct for protein loading error, b-actin expression was used as an internal control. A) A representative result from three independent experiments is shown. B) Results were expressed as fold induction of control relative to the ratio phosphorylation-activated protein:b-actin protein, and are presented as mean 6 SD from three independent experiments. *P , 0.001, **P , 0.01, significantly increased compared with control and/or FK alone.
LIF REGULATION OF TROPHOBLAST CELL DIFFERENTIATION with forskolin. PD98059 was highly efficient at blocking MAPK3/1 activation at 50 lM. BeWo cell viability remained unchanged when treated with either JAK inhibitor I at 5 lM or PD98059 at 50 lM. Figure 3A shows representative immunoblot studies of LIF-induced signaling molecules in BeWo cells pretreated with JAK inhibitor I (5 lM) and PD98059 (50 lM). Results were expressed as relative phosphorylation-activated protein level compared with no phosphorylated protein expression level (as control), and are presented as mean 6 SD from three independent experiments in Figure 3B .
The pSTAT1:STAT1 ratio was evaluated at 0.5 6 0.1, 3.0 6 0.4, 0.5 6 0.2, and 2.9 6 0.4 in control cells, and in cells treated with LIF alone, LIF plus JAK inhibitor I, and LIF plus PD98059, respectively. In the presence of forskolin, the pSTAT1:STAT1 ratio was 0.4 6 0.1 in control cells, and 3.2 6 0.4, 0.4 6 0.1, and 3.3 6 0.3 in cells treated with LIF alone, LIFþJAK Inh I, and LIFþPD98059, respectively (Fig.  3B ). The pSTAT3:STAT3 ratio was evaluated at 0.6 6 0.2, 7.2 6 0.5, 3.1 6 0.4, and 7.4 6 0.6 in control cells, and in cells treated with LIF alone, LIF plus JAK inhibitor I, and LIF plus PD98059, respectively. In the presence of forskolin, the pSTAT3:STAT3 ratio was 0.5 6 0.2 in control cells, and 8.6 6 0.6, 3.8 6 0.4, and 6.9 6 0.5 in cells treated with LIF alone, LIFþJAK Inh I, and LIFþPD98059, respectively. These results demonstrated that JAK inhibitor I blocked activation of STAT1 more efficiently than STAT3, completely inhibiting STAT1 but inhibiting STAT3 at 59% 6 8% and 56% 6 7% for LIF alone and LIF plus forskolin, respectively. Moreover, the pSTAT1:STAT1 ratio and the pSTAT3:STAT3 ratio were not affected by the MAPK3/1 inhibitor PD98059 (Fig. 3B) . The pMAPK3/1:(MAPK3/1) ratio was evaluated at 0.5 6 0.1, 5.1 6 0.4, 5.7 6 0.6, and 2.8 6 0.3 in control cells, and in cells treated with LIF alone, LIF plus JAK inhibitor I, and LIF plus PD98059, respectively (Fig. 3B) . In the presence of forskolin, the pMAPK3/1:(MAPK3/1) ratio was 1.6 6 0.2 in control cells, and 7.3 6 0.6, 6.7 6 0.8, and 3.2 6 0.4 in cells treated with LIF alone, LIFþJAK Inh I, and LIFþPD98059, respectively. Of note, although forskolin alone substantially increased the pMAPK3/1:(MAPK3/1) ratio, PD98059 inhibition for MAPK3/1 activation induced by LIF and LIF plus forskolin was evaluated at 47% 6 6% and 56% 6 6%, respectively. The pMAPK3/1:(MAPK3/1) ratio was unaffected in the presence of JAK inhibitor I (Fig. 3B) . A) The efficiency of pharmacological inhibitors was determined by Western blotting. A representative result from three independent experiments is shown. B) Results were expressed as the ratio of phosphorylated:no phosphorylated protein, and are presented as mean 6 SD from three independent experiments. *P , 0.001, **P , 0.01, significantly decreased compared with LIF alone or LIF þ FK.
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In further experiments, BeWo cells were pretreated with 5 lM JAK inhibitor I or 50 lM PD98059, and then bhCG secretion as well as E-cadherin expression (cell fusion) was evaluated following a 48-h treatment period with forskolin at 10 lM alone or in combination with 50 ng/ml LIF. As shown above (Fig. 2) , forskolin enhanced bhCG secretion (Fig. 4) and cell fusion (Fig. 5) compared with untreated cells. LIF prevented biochemical differentiation by reducing forskolininduced bhCG production from 406 6 54 ng/ml to 222 6 22 ng/ml (Fig. 4) . Inhibition of JAK/STAT signaling pathway significantly prevented the inhibitory effect of LIF on forskolin-induced bhCG secretion (329 6 52 ng/ml). MAPK3/1 inhibition did not mediate or counteract the inhibitory effect of LIF on forskolin-induced bhCG release, the amount of bhCG released by BeWo cells being 214 6 19 ng/ml (Fig. 4) .
In contrast to bhCG production, LIF sustained morphological differentiation by amplifying the effect of forskolin on cell fusion, the loss of E-cadherin staining between the cells being more pronounced than that observed with forskolin alone (Fig.  5A) . The synergistic effect of LIF in forskolin-induced morphological differentiation was, however, impaired by the inhibition of the JAK/STAT signaling pathway. In fact, a pretreatment with JAK inhibitor I abrogated the stimulatory action of LIF through an important increase in E-cadherin expression (Fig. 5A) . Similarly, PD98059 inhibition of MAPK3/1 prevented the stimulatory effect of LIF on forskolin-induced cell fusion, because the expression of Ecadherin was even stronger than that observed with forskolin alone (Fig. 5A) . To confirm the effects on syncytialization, Ecadherin expression in BeWo cells was quantified by immunoblotting analysis using b-actin as internal control. Data from Western blot and densitometry analyses are expressed as E-cadherin:b-actin ratios in Figure 5B . As expected (Fig. 1C) , BeWo cell E-cadherin expression was reduced by 48% 6 6% in the presence of forskolin (from 1.00 6 0.08 to 0.52 6 0.06), and by 75% 6 5% in the presence of forskolin and LIF (from 1.00 6 0.08 to 0.25 6 0.06). Our results have confirmed that the synergistic effect of LIF on forskolin-induced cell fusion is impaired by the inhibition of both the JAK/STAT and MAPK3/ 1 signaling pathways, the relative E-cadherin expression levels being 9% 6 7% below those of controls (from 1.00 6 0.08 to 0.90 6 0.08) in cells pretreated with JAK inhibitor I, and 16% 6 8% below controls (from 1.00 6 0.08 to 0.90 6 0.08) in cells pretreated with PD98059.
DISCUSSION
The ability of human trophoblasts to undergo differentiation and fuse into a multinucleated structure while acquiring an active endocrine phenotype is known to be under the control of a multitude of factors, including hormones and cytokines. Indeed, factors such as epidermal growth factor (EGF) [31] , 17b-estradiol [35] , granulocyte/macrophage colony-stimulating factor (GM-CSF) [36] , macrophage colony-stimulating factor (M-CSF) [36] , adiponectin [37] , and hCG [38] , were found to enhance human cytotrophoblast syncytial fusion, whereas tumor necrosis factor a (TNF) [39] and tumor growth factor b1 (TGFB1) [40] were reported as negative regulators of this process. These factors regulate the overall differentiation process through the activation of signaling pathways important for the transcription of specific cassettes of genes, which mediate both axes of trophoblast differentiation to syncytiotrophoblast. Among these pathways, MAPK3/1 and p38 MAP kinase signaling pathways were shown to mediate a stimulating effect toward villous trophoblast fusion and BeWo cell fusogenic activity [17, 18, [41] [42] [43] . Previous studies linked MAPK3/1 activity to bhCG secretion and cell fusion by villous cytotrophoblasts [17] and the choriocarcinoma cell line JAR in vitro [44] . In mice, Takahashi et al. [45] have recently established that LIF receptor signaling is finely coordinated by JAK1, STAT3, and suppressor of cytokine signaling 3 (SOCS3), and demonstrated that LIF/JAK1/STAT3/SOCS3 signaling is an essential pathway for the regulation of trophoblast giant cell differentiation. In humans, no data are yet available concerning the regulatory mechanism of LIF/ JAK/STAT pathway in trophoblast cell survival/proliferation or differentiation. However, studies suggest that STAT3 is not involved in bhCG secretion in JAR cells [44] . In purified human cytotrophoblasts from term placentas, which lack the capacity to proliferate when growing in culture [21, 22] , LIF did not affect cell viability or cell proliferation of cultured cells [46] . In contrast to cell proliferation, spontaneous differentiated cells treated with LIF have been shown to express significantly lower levels of bhCG than the control untreated ones. Kojima et al. [47] have demonstrated that LIF-Rb (LIFR) and gp130 (IL6ST) are expressed in trophoblastlike BeWo cells, and then that LIF can efficiently trigger changes in their behavior by inhibiting forskolin-induced hCG secretion. Similar results have been observed by Ren et al. [48] in JEG-3 cells, which remain mononucleated when challenged with forskolin as opposed to BeWo cells, reported as a fusogenic model [25] . In this context, we have shown that LIF, rather than exerting a direct effect on BeWo cell differentiation, influences the forskolin-induced changes by a somehow contradictory manner through the reduction of biochemical differentiation and stimulation of morphological differentiation.
With respect to the diverging actions of LIF in BeWo cell fusion and bhCG secretion, the hypothesis rising from the work of Orendi et al. [19] is noteworthy, highlighting the possibility of a distinct regulation of hCG synthesis and cell fusion. The authors suggest that cell fusion is regulated through a PRKAdependent mechanism only, whereas hCG secretion is In the first, PRKA stimulates the activity of the transcription factor glial cells missing a (GCMa) [34] . Target genes of GCMa include the classical fusion proteins syncytine-1 and syncytine-2, which are directly involved in trophoblast fusion [34, 49] . In addition, the PRKA also allows the phosphorylation of the transcription factors Old astrocyte specificallyinduced substance (OASIS) and cAMP response element binding protein (CREB), which also participate in the transcription of GCMa [18, 49] . Moreover, MAPK3/1 is required for the phosphorylation of transcription factor CREB downstream PRKA [18] . In this context, we have first remarked that the inhibition of MAPK3/1 pathway impairs the effect of LIF on forskolin-induced cell fusion but has no effects on hCG secretion. Based on the fact that LIF enhanced MAPK3/1 pathway activation, it is likely that the effect of LIF on cell fusion relies on a cooperative cross-talk between LIFinduced activation of MAPK3/1 and forskolin-induced activation of PRKA signaling pathways. A similar converging mechanism could be proposed for the JAK/STAT pathway, whereas we can speculate that homodimers and/or heterodimers of STAT1 and STAT3 could also directly or indirectly act as coactivators of fusion-related gene promoters. Thus, by inhibiting the activation of MAPK3/1 and JAK/STAT signaling pathways, the expression of fusion-related genes that are induced only in a PRKA-dependent way are altered, and the fusogenic capacity of BeWo cells is greatly affected. In contrast, the inhibition of MAPK3/1 pathway does not affect the inhibitory effect of LIF on hCG secretion, suggesting that the negative effect of the cytokine on hCG secretion does not A) Ecadherin (green) expression was evaluated by immunofluorescence. Nuclei were stained using Hoechst 33258. All observations were performed at 320 magnification. Identical results were obtained from three independent experiments, and at least five fields were randomly examined in each experiment. B) To quantify BeWo cell fusion, E-cadherin and human b-actin expressions were used for semiquantitative analysis of E-cadherin protein expression. A representative result from three independent experiments is shown. Results were expressed as the ratio of E-cadherin:b-actin protein. Each bar represents the mean 6 SD of three independent experiments. Different lowercase letters denote significant differences between treatments. *P , 0.001 compared with FK; **P , 0.001 compared with LIF þ FK.
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involve the activation of effectors downstream MAPK3/1 (and PRKA) signaling pathway.
As noted above, the negative effect of LIF reported in this study toward forskolin-induced hCG secretion is supported by previous studies [46] [47] [48] . Given that hCG mRNA and protein expression upon LIF stimulation is down-regulated in primary trophoblasts [46] and in BeWo cells [47] , it is possible that the cytokine interferes with hCG expression at the transcriptional level. This might occur through LIF-induced activation of STAT3 that could exert a negative control, directly or indirectly, by acting in proximal or distal transcriptional activators of the hCG genes. In accordance with this proposed mechanism, a recent study has demonstrated that the inhibitory effects of IL10 on the antigen-presenting capacity of interferon c (IFNG)-stimulated human macrophages may act, via STAT3, by a negative transcriptional regulation of cathepsin S and major histocompatibility complex (MHC) II genes [50] . Therefore, a detailed promoter analysis would be required to explore whether STAT3, and even STAT1 or STAT1-STAT3 heterodimers, plays a role in mediating the inhibitory action of LIF on the promoters of hCG gene and an opposed positive action of LIF on fusion-related gene promoters.
In conclusion, we have demonstrated that LIF-mediated stimulation of fusogenic activity in BeWo cells depends on the activation of both JAK/STAT and MAPK3/1 pathways. On the other hand, although MAPK3/1 mediates the action of LIF on cell fusion, it is not involved in the inhibitory effect of LIF on bhCG secretion. The JAK/STAT signaling pathway, however, mediates the diverging actions of LIF on cell fusion and bhCG secretion. These data have important implications for understanding the complex regulatory processes governing syncytialization. Hence, although previous reports have conferred a role for the cytokine, especially in trophoblast differentiation toward the invasive phenotype [11] [12] [13] , our study also provides evidence concerning the possible regulation of fusion-related proteins by LIF, which still remains to be further investigated.
